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bstract
Peptidoglycan recognition protein (PGRP) specifically binds to peptidoglycan and is considered to be one of the pattern recognition proteins in
he innate immunity of insect and mammals. Using a database mining approach and RT-PCR, multiple peptidoglycan recognition protein (PGRP)
ike genes have been discovered in fish including zebrafish Danio rerio, Japanese pufferfish TakiFugu rubripes and spotted green pufferfish
etraodon nigroviridis. They share the common features of those PGRPs in arthropod and mammals, by containing a conserved PGRP domain.
ased on the predicted structures, the identified zebrafish PGRP homologs resemble short and long PGRP members in arthropod and mammals.
he identified PGRP genes in T. nigroviridis and TakiFugu rubripes resemble the long PGRPs, and the short PGRP genes have not been found
n T. nigroviridis and TakiFugu rubripes databases. Computer modelling of these molecules revealed the presence of three -helices and five
r six -strands in all fish PGRPs reported in the present study. The long PGRP in teleost fish have multiple alternatively spliced forms, and
ome of the identified spliced variants, e.g., tnPGRP-L3 and tnPGRP-L4 (tn: Tetraodon nigroviridis), exhibited no characters present in the PGRP
omologs domain. The coding regions of zfPGRP6 (zf: zebrafish), zfPGRP2-A, zfPGRP2-B and zfPGRP-L contain five exons and four introns;
owever, the other PGRP-like genes including zfPGRPSC1a, zfPGRPSC2, tnPGRP-L1-, tnPGRP-L2 and frPGRP-L (fr: Takifugu rubripes) contain
our exons and three introns. In zebrafish, long and short PGRP genes identified are located in different chromosomes, and an unknown locus
ontaining another long PGRP-like gene has also been found in zebrafish, demonstrating that multiple PGRP loci may be present in fish. In
ebrafish, the constitutive expressions of zfPGRP-L, zfPGRP-6 and zfPGRP-SC during ontogeny from unfertilized eggs to larvae, in different
rgans of adult, and the inductive expression following stimulation by Flavobacterium columnare, were detected by real-time PCR, but the
evels and patterns varied for different PGRP genes, implying that different short and long PGRPs may play different roles in innate immune
esponse.
2007 Elsevier Ltd. All rights reserved.
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. Introduction
The immune system has traditionally been divided into innate
nd adaptive components. The innate immunity, which includes
ntimicrobial peptides, phagocytes, alternative complement
athway, etc., plays vital roles in primary defense against
nvading pathogens in both vertebrates and invertebrates. The
trategy of innate immune response is to recognize highly
onserved structures present in a large group of microorganisms
ut rare or absent in responding species. These structures
∗ Corresponding author. Tel.: +86 27 68780736; fax: +86 27 68780123.
E-mail address: pinnie@ihb.ac.cn (P. Nie).
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oi:10.1016/j.molimm.2006.12.029afish; Japanese pufferfish; Spotted green pufferfish
re referred to as pathogen-associated molecular pattern, and
he receptors in innate immune system, which have evolved
o recognize these structures, are called pattern recognition
eceptors (PRRs; Medzhitov and Janeway, 1997).
In insects and mammals, a number of proteins which are
attern recognition receptors have been described. The PRRs
dentified in mammals include C-type lectin, proteins with
eucine regions, scavenger receptors, pentraxins, lipid trans-
erases, integrins and complement control proteins (Medzhitov
nd Janeway, 1997). In Anopheles and Drosophila, the PRRs
dentified can be divided into six gene families: peptidoglycan
ecognition proteins (PGRPs), thioester-containing proteins
TEPs), gram-negative binding proteins (GNBP), the multido-
ain scavenger receptors (SCR), C-type lectins (CTL) and
3 Immunology 44 (2007) 3005–3023
g
p
t
e
r
m
e
a
p
g
(
2
s
e
S
J
g
fi
r
p
t
t
a
i
p
a
1
z
h
a
fi
2
2
p
n
T
s
s
fi
I
o
u
o
2
n
U
t
S
c
Table 1
Primer sequences
Names Sequences Annealing
temperature
(◦C)
UPM CTAATACGACTCACTATAGGGC
zfPGRP-LF TCACTCACGGTTTTATG 52
zfPGRP-LR TTTGATTCCTTTTGCTA
zfPGRP-LRout TTCGGATGAGTTTCAGTTTCGTTG 64/62
zfPGRP-LRin CCGTGAGTGACATTGTGTGTTTGG
zfPGRP-LFout AAGGGGCTCACACTAAAGGACGCA 64/62
zfPGRP-LFin AGGAGGATTTCACCATTCTCGGAC
zfPGRP6-F GTGGTGCTGACTTTGGAT 52
zfPGRP6-R GTTGCTCTGCTGGTGGTA
zfPGRP2-F CAACCTCAATCTCTCTCA 49
zfPGRP2-R TACCATCAATCTTTCCTC
zfPGRP-SCF GTCATGTTGGAGCATACAGGG 58
zfPGRP-SCR GTCAAACACATTCACACAGTTC
tnPGLF TCCATTTCTTGGGTCCTTCA 55
tnPGLR TGACACGCCGTATCCTAAACT
ExzfPGRP-LF TGGCAATACCCAGCAAACCCTGTC 58
ExzfPGRP-LR GTCCTTTAGTGTGAGCCCCTTGT
ExzfPGSC-F ACATAAACGCAGATACAGTGAGTC 56
ExzfPGSC-R GCTCCTACAATCCCCCATCCTC
ExzfPGRP6-F AACTCTATTGGCTACGGCG 54
ExzfPGRP6-R TGTTTCCAGGACACTCGGT
GAPDH-F GTAACTCCGCAGAAAAGCCAGAC 58
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alectins (GALE) (Christophides et al., 2002). These PRRs
lay important roles in facilitating phagocytosis and signal
ransduction pathways leading to the synthesis of anti-pathogen
ffectors.
PGRPs which are evolutionarily highly conserved pattern
ecognition receptors can bind specifically to peptidoglycan
oieties. The first member of the PGRP family was discov-
red in silkworm Bombyx mori as a protein that initiates the
ctivation of prophenol-oxidase cascade in the presence of
eptidoglycan (Yoshida et al., 1996). Subsequently, its homolo-
ous proteins have been identified in other lepidopteran insects
Kang et al., 1998) and in diptera Drosophila (Werner et al.,
000). PGRP homologs have also been reported in mammals
uch as Homo sapiens (Liu et al., 2001), Mus musculus (Liu
t al., 2000), Rattus norvegicus, Camelus dromedarius and
us scrofa (Sang et al., 2005). The recent completion of the
apanese pufferfish Takifugu rubripes and zebrafish Danio rerio
enomes has enabled the identification of several PGRPs in
sh. However, in spite of the sequence information from T.
ubripes and D. rerio genomes, the research on fish counter-
arts of mammalian PGRPs has not yet been reported. Taking
he advantage of expressed sequence tag (EST) databases and
he completed fish genomes including D. rerio, T. rubripes
nd Tetraodon nigroviridis, PGRP genes were investigated
n teleost fish in the present study. In addition, expression
atterns of peptidoglycan recognition protein homologs were
nalyzed in oocytes, fertilized eggs, and larval stages from
to 60 days post-hatching and in different adult organs of
ebrafish. The expression level was also compared between
ealthy fish and fish infected with Flavobacterium columnare,
pathogen causing columnaris disease of many species of
sh.
. Materials and methods
.1. Database mining of ﬁsh peptidoglycan recognition
rotein sequences
The BLAST server at the National Center for Biotech-
ology Information (NCBI) was used to check the D. rerio,
akifugu rubripes and Tetraodon nigroviridis EST and genome
equences for the possible presence of PGRP domain encoding
equences. To predict intron–exon boundaries of the teleost
sh genes, the GENSCAN web server at the Massachusetts
nstitute of Technology (http://www.genes.mit.edu/burgelab/)
r the GENSCAN predictions of the Sanger Ensembl were
sed. The predicted sequences were adjusted manually based
n comparisons with the homologous human genes.
.2. PCR cloning
Five larvae of 60-day-old zebrafish and the liver of T.
igroviridis were homogenized in Trizol Reagent (Invitrogen,
SA), with total RNA extracted according to the manufac-
urer’s instruction. The cDNA was synthesized using a Clontech
MART PCR cDNA Synthesis Kit (Clontech). To confirm
oding sequence of peptidoglycan recognition protein 2, PCR
f
c
s
TGAPDH-R CAAAAGAAACTAACACACACACA
as performed with primers zfPGRP2-F and zfPGRP2-R
Table 1). Similarly, the coding sequence of peptidoglycan
ecognition protein 6 was obtained by PCR using primers
fPGRP6-F and zfPGRP6-R, using primers zfPGRP-SCF
nd zfPGRP-SCR for peptidoglycan recognition protein SC,
nd using primers tnPGLF and tnPGLR for T. nigroviridis
GRP-L.
According to the EST sequence (GenBank accession no.
F999082), the internal region of zfPGRP-L was amplified
y primer pairs zfPGRP-LF and zfPGRP-LR. The full-length
DNA sequence of zfPGRP-L was amplified by random
mplification of cDNA ends (RACE). The 5′ end region of the
fPGRP-L was amplified by nested PCR with two primer pairs
f UPM/zfPGRP-LRout (first round PCR) and UPM/zfPGRP-
Rin (second round). The resultant products were isolated using
he Omega agarose purification Kit, and cloned into pMD-18
ector (TaKaRa) by following manufacturer’s instructions.
utative clones were screened by PCR using the above primers
nder the same cycle conditions, and the selected clones were
equenced using the dideoxy chain-termination method on an
utomatic DNA sequencer (ABI Applied Biosystems Model
77). The gene specific primers used for 3′ RACE PCR were
PM/zfPGRP-LFout (first round PCR) and UPM/zfPGRP-
Fin (second round). The PCR program for RACE was as the
ollowings: 1 cycle of 94 ◦C for 3 min, 5 cycles of 94 ◦C for
0 s, 66 ◦C for 30 s, and 72 ◦C for 120 s, 30 cycles of 94 ◦C
or 30 s, 62 ◦C for 30 s, and 72 ◦C for 120 s, followed by 1
ycle of 72 ◦C for 7 min. The PCR products were cloned and
equenced as described above. All primers were shown in
able 1.
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.3. Sequence analysis
Protein prediction was performed using software at the
xPASy Molecular Biology Server (http://www.expasy.pku.
du.cn). The putative open reading frames (ORFs) were ana-
yzed for the presence of signal peptides using the algorithms
ignal P 3.0. Multiple alignments were generated by the
LUSTAL 1.8 program within DNASTAR. Identities between
he full-length of zfPGRP-L and other PGRP members from
sh and other animals were determined using the MEGALIGN
rogram within DNASTAR. Phylogenetic tree was constructed
ased on the deduced amino acid sequences using the max-
mum likelihood algorithm within MEGA version 3.1, and
ll sequences used for the phylogenetic analysis were listed
n Table 3. Reliability of the tree was assessed by 1000
ootstrap repetitions. The MEGA3 package was also used to
enerate nucleotide alignments for estimating the number of
ynonymous substitutions per synonymous site (dS) and the
umber of nonsynonymous substitutions per nonsynonymous
ite (dN), and such alignments were performed only within
species, i.e., fish PGRP sequences were compared only to
ther fish PGRP sequences, but not to mammalian sequences.
ositive (dS < dN) or purifying (dS > dN) selection was tested
ith a codon-based z-test, using the Nei–Gojobori method (P-
istance) at 5% significance level. The intron/exon structures
f the identified genomic sequences were determined by align-
ent of the full-length cDNA to the genomic sequence using
LAST2.
.4. Modelling of ﬁsh PGRPs
Fish PGRP sequences were modelled using the program
n Cn3D home page (http://www.ncbi.nlm.nih.gov/Structure/
N3D/cn3d.html) according to the methods described by Wang
t al. (2000). Drosophila melanogaster peptidoglycan recogni-
ion protein-Lb (PDB file code: 1OHT-A) and peptidoglycan
ecognition protein-Le (PDB file code: 2CB3-A) were used as
emplate structures for modelling fish long PGRP. Human pep-
idoglycan recognition protein S (PDB file code: 1YCK-A) was
sed as template structures for modelling fish short PGRP. Tem-
late structures were selected according to highest sequence
imilarity and minimum number of gaps in the sequence align-
ent.
.5. Zebraﬁsh and F. columnare
Zebrafish breeders were maintained at 28 ± 0.5 ◦C in a 12 h
ight/dark cycle and fed with commercial fish food three times a
ay. Zebrafish embryos were collected from artificial fertiliza-
ion.
The bacterium F. columnare isolated from grass carp
tenopharyngodon idella was routinely grown in 100 ml
hieh medium with gentle agitation at 25 ◦C for 36–48 h.
uantification of logarithmic cultures was performed by
pectrophotometry and plating dilutions of the culture on
B.
t
f
t
o
cnology 44 (2007) 3005–3023 3007
.6. RNA extraction and cDNA synthesis
To examine the expression profile of zebrafish PGRPs in
ifferent organs, 30 healthy individuals were anaesthetized in
.05% 2-phenoxyethanol. Fish were then carefully dissected
nder a light microscope for the collection of organs, including
ill, brain, heart, kidney, liver, muscle, intestine and spleen. Sam-
les were pooled from five fish for RNA extraction. To examine
he expression profiles of zebrafish PGRPs during ontogeny,
evelopmental samples were collected prior to fertilization and
t, 0.25, 0.5, 1, 2, 3, 5, 10, 20, 30, 40, 50 and 60 dpf (days
ost-fertilization) for total RNA isolation.
Adult zebrafish were also anaesthetized as above and
njected intraperitoneally with 108 cfu/ml F. columnare.
ontrol groups were injected with phosphate buffered saline
PBS, pH 7.4). After recovered from anaesthesia, each group
f fish was moved to a 2.75-L tank. Twenty-four hours after
njection, total RNA was extracted using Trizol reagent as
escribed by the manufacturer from liver, trunk kidney, spleen,
ills and intestine from both five F. columnare and PBS-
njected fish for every organs. After treatment with RNase-free
Nase, 2g RNA from different samples was, respectively,
everse-transcribed with PowerScriptTM Reverse Transcriptase
Clontech).
.7. Real-time quantitative RT-PCR
Zebrafish PGRPs and GAPDH cDNA fragments were gener-
ted by RT-PCR. The expression primers were shown in Table 1.
mplicons were gel-purified, cloned into pMD-18 vector and
ransformed into Escherichia coli strain M15 competent cells.
loned amplicon sequences were confirmed by sequencing.
lasmid DNA was obtained by using the Promega A7100 Wizard
lus Minipreps DNA Purification System by following manu-
acturer’s instruction. The cDNA plasmid concentrations were
easured by spectrophotometry and the corresponding copy
umber was calculated using the equation (Overbergh et al.,
003):
g of 1000 bp DNA = 9.1 × 1011 molecules
erial 10-fold dilutions of the resultant plasmid clones, e.g.,
anging from 109 down to 104 input cDNA copies, were used as
standard curve in each PCR run.
PCR reactions were performed using Chromo 4TM Contin-
ous Fluorescence Detector from MJ Research. Amplifications
ere carried out at a final volume of 20l containing 2l DNA
ample, 2× DyNAmo Master Mix (Finnzymes) 10l, 0.1l of
ach primer (Table 1) and 7.8l H2O. PCR amplification con-
isted of 3 min at 95 ◦C, followed by 45 cycles consisting of
0 s at 94 ◦C, 25 s at 54–58 ◦C and 25 s at 72 ◦C. The reaction
arried out without DNA sample was used as negative control.
ach sample was run in triplicate, standard curves were run on
he same plate. The relative standard curve method was used
or the calculation of relative gene expression, by normalizing
he expression of each target to GAPDH. For the expression
f zfPGRP homologs following stimulation by F. columnare,
omparing this normalized value in F. columnare-injected group
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ith the normalized expression in PBS-injected group was used
o calculate a fold-change value.
. Results
.1. Sequence analysis
Using TBLASTX search, the D. rerio, Takifugu rubripes and
etraodon nigroviridis databases for homologs to arthropod and
ammalian PGRPs were routinely checked. Three homologs
ere identified in zebrafish genome, and in at least two chro-
osomal loci (Table 2). One PGRP homolog was also identified
n T. nigroviridis and Takifugu rubripes genome, respectively.
he zfPGRP6, zfPGRP2-A, zf PGRP2-B, zfPGRP-SC1a and
fPGRP-SC2 genes were present in zebrafish EST sequences.
ll relevant cDNA clones from the ESTs were sequenced. The
nnamed full-length cDNA sequences were found to be the
omologs of PGRP genes when the predicted coding sequences
rom T. nigroviridis genome were used in TBLASTX search.
hese two sequences were labelled as tnPGRP-L1 and tnPGRP-
2. When confirming the coding sequences of tnPGRP-L1 and
nPGRP-L2 by the same primer pairs, three main bands were
mplified. Five clones for every band were sequenced. The 15
lones were proven to be long PGRP homologs, and the sizes of
hese bands were 1034, 895 and 823 bp.
According to the EST sequence (GenBank accession no.
F999082), one long zebrafish PGRP cDNA (zfPGRP-L),
hich showed a large overlap with the known zfPGRP2-A and
fPGRP2-B sequences, was obtained by random amplification
f cDNA ends (RACE). The zfPGRP-L cDNA sequence (Gen-
ank accession no. DQ482738) contains a 12 bp 5′-untranslated
egion (UTR), a 1299 bp open reading frame, and a 510 bp 3′
TR. The 3′ UTR does not contain a discernable poly(A) addi-
ion signal (AATAAA) nor poly(A) tract, indicating that the
DNA sequence of 3′ UTR is incomplete. The putative zfPGRP-
is 433 amino acids long, with a calculated molecular mass
f 48 kDa and an isoelectric point of 7.06. A signal peptide
as predicted using SignalP 3.0 at amino acids 20–21 (signal
eptide probability = 0.980, signal anchor probability = 0.001,
nd a maximum cleavage site probability of 0.518 between
esidues 20 and 21). Search for conserved domains with ‘Pfam’
http://www.sanger.ac.uk/Software/Pfam) suggests the presence
f amidase 2 domain at amino acids 273–429.
t
(
n
(
able 2
eatures of fish peptidoglycan recognition protein genes
ene name Accession number Chromosomal location
fPGRP6 NW 652509.1 Unknown
fPGRP2-A CR388009 Chr8
fPGRP2-B CR388009 Chr8
fPGRP-L CR388009 Chr8
fPGRP-SC1a NW 633877 Chr18
fPGRP-SC2 NW 633877 Chr18
nPGRP-L1 CAAE01014786 Chr18
nPGRP-L2 CAAE01014786 Chr18
rPGRPL CAAB01000749 Unknown
a Genome and cDNA sizes were calculated as the nucleotide length between the stnology 44 (2007) 3005–3023
All identified fish PGRP-like genes fall into two subgroups
ased on homology comparison. The zfPGRP6, zfPGRP2-A,
fPGRP2-B and zfPGRP-L from the zebrafish resemble the
ong PGRPs, and the zfPGRP-SC1a and zfPGRP-SC2 resemble
he short PGRP. The identified PGRP genes in T. nigroviridis
nd Takifugu rubripes resemble the long PGRPs, and the short
GRP genes have not been found in T. nigroviridis and Takifugu
ubripes databases.
The predicted ORFs of zfPGRP6, zfPGRP2-A, zfPGRP2-
, zfPGRP-L, zfPGRP-SC1a, zfPGRP-SC2, tnPGRP-L1,
nPGRP-L2 and frPGRP-L encode 497, 468, 433, 433, 238,
38, 488, 420 and 480 amino acids, respectively. Analysis using
ignalP-NN program showed that zfPGRP-SC1a and zfPGRP-
C2 has no signal peptide; however, a predicted N-terminal
ignal peptide was detected in long PGRP homologs except
fPGRP6 in D. rerio, T. nigroviridis and Takifugu rubripes.
.2. Identiﬁcation of ﬁsh PGRP genes
The alignment of zfPGRP-L amplified by RACE-PCR,
fPGRP2-A and zfPGRP2-B showed that two different sizes
f long PGRPs were detected in zebrafish (Fig. 1). The align-
ent of seven tnPGRP sequences amplified by RT-PCR and
wo sequences from the T. nigroviridis database showed that
t least four different sizes of long PGRPs were detected in T.
igroviridis (Fig. 2). Except the parts missing in these PGRP
omologs, sequences of these different sizes from both the D.
erio and T. nigroviridis are highly similar (Figs. 1 and 2).
In comparison to genomic sequences, the splicing patterns
f tnPGRP-L and zfPGRP2 were determined. The tnPGRP-L
ene has four different alternatively spliced forms. The tnPGRP-
genome composes of four exons and three introns. The first
pliced form contains intact exon 2, intron 2 and exon 3 such
s tnPGRP-L1, D04 (GenBank accession no. DQ923751), D07
GenBank accession no. DQ923752) and C05 (GenBank acces-
ion no. DQ923753). Compared to tnPGRP-L1, the second
pliced form lacks 114 bp in the middle of exon 2 such as
nPGRP-L2, the third spliced form lacks the 5′ end 139 bp of
xon 3 such as clone D05 (GenBank accession no. DQ923754),
he fourth spliced form lacks the entire exon 3 such as clone C03
GenBank accession no. DQ923755), C04 (GenBank accession
o. DQ923756) and D09 (GenBank accession no. DQ923757)
Fig. 3).
Genome sizea (bp) CDNA sizea (bp) Exon Intron
8397 1491 5 4
7133 1404 5 4
7133 1299 5 4
7133 1299 5 4
2771 714 4 3
2771 714 4 3
2064 1464 4 3
1975 1260 4 3
2339 1440 4 3
art and stop codons of the open reading frame.
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Fig. 1. Nucleotide sequences of zfPGRP2-A, zfPGRP2-B and zfPGRP-L cDNAs. The sequences were aligned by using the Clustal X program. Dashes indicate
identity to zfPGRP2-A and asterisks denote gaps. The GenBank accession numbers of zfPGRP2-A, zfPGRP2-B and zfPGRP-L are ABE01404, XP 697064 and
DQ482738.
3010 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 1. (Continued )
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The alternative spliced forms were also found in zebrafish
GRP. Compared to the zfPGRP2-A, the zfPGRP-L cloned
nd zfPGRP2-B that existed in EST database lacked 105
ucleotides for exon 3. The zfPGRP2-A has a long exon 3
esulted from an alternative splicing between the same donor
ite used by zfPGRP-L and zfPGRP2-B and a novel acceptor
ite localized 105 bp upstream of the known AG acceptor site
n intron 2 (Fig. 3).
.3. Alignment and phylogenetic analysis
The deduced amino acid sequences of the PGRP homologs
rom D. rerio, Takifugu rubripes and Tetraodon nigroviridis
ere compared by CLUSTAL W. All PGRP genes share a
onserved PGRP domain of approximately 160 amino acids.
utside the PGRP domain, there is little similarity in the
equences (Fig. 4).
l
G
n
Pnued ).
The deduced amino acid sequence of the cloned zfPGRP-
protein was compared with other PGRP homologs by
alculating the sequence identities using the MEGALIGN
rogram. When compared to the arthropod and mammalian
GRP sequences, the full aa sequence of zfPGRP-L has the
ighest identities with M. musculus PGRP 2 (37.8%), fol-
owed by H. sapiens PGRP-L (37.6%). The identity between
fPGRP-L and other reported PGRP from arthropod and mam-
alian PGRPs ranges among 7.1–37.7%. When compared to
GRPs of D. rerio, T. nigroviridis and Takifugu rubripes,
he full aa sequence of zfPGRP-L has the highest identi-
ies with zebrafish PGRP 2-A (98.6%), followed by zebrafish
GRP2-B (98.1%). The identity between zfPGRP-L and anotherong PGRP (zfPGRP6) was 38.5%, 19.7% with short zfP-
RPs, 47.1% with T. nigroviridis PGRP L1, 33.3% with T.
igroviridis PGRP L2, and 46.4% with Takifugu rubripes
GRP L.
3012 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 2. The alignment of nucleotide sequences of T. nigroviridis different splice variants. tnPGRP-L1 and tnPGRP-L2 (GenBank accession numbers: CR652173 and
CR724672) were obtained from T. nigroviridis database. The nucleotides in grey show the different nucleotides. The GenBank accession numbers of D07, C05, D04,
D09, C03, C04 and D05 are DQ923752, DQ923753, DQ923751, DQ923757, DQ923755, DQ923756 and DQ923754. The broken lines show the missing parts in
different splice variants.
M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023 3013
Fig. 2. (Continued )
3014 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 2. (Continued ).
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Table 3
Peptidoglycan recognition protein sequences used for phylogenetic tree construction and multiple sequence alignment
Species Protein Accession no. Species Protein Accession no.
Homo sapiens PGRP 1 O75594 Danio rerio PGRP-SC1a NP 001037786
PGRP-L AAL05629 PGRP-SC2 XP 699934
PGRP-I- Q96LB8 pglyrp5 ABE01405
PGRP-I- NP 443123 pglyrp6 ABE01406
PGRP 4 CAI19493 zfPGRP2-A ABE01404
Rattus norvegicus PGRP 1 AAF73252 zfPGRP2-B XP 697064
Mus musculus PGRP 1 NP 033428 Drosophila simulans PGRP-SA AAQ64766
PGRP 2 NP 067294 PGRP-SB2 Q70PW6
PGRP 3 NP 997130 PGRP-SC1a/b Q70PU2
Bos taurus PGRP-S Q8SPP7 PGRP-SC2 Q70PU1
PGRP2 XP 588006 PGRP-SD Q70PR8
PGRP 4 XP 874055 Drosophila melanogaster PGRP-LC Q9GNK5
Canis familiaris PGRP-S XP 855038 PGRP-SA Q9VYX7
PGRP2 XP 852999 PGRP-SB1 Q70PY2
Sus scrofa PGRP S isoform 1 AAT09052 PGRP-LC isoform x AAM18530
PGRP S isoform NP 998902 Euprymna scolopes PGRP1 AAY27973
PGRP L isoform A AAO41115 PGRP2 AAY27974
PGRP L isoform B NP 998903 PGRP3 AAY27975
Gallus gallus PGRP L AAW63067 PGRP 4 AAY27976
Camelus dromedarius PGRP CAC19553 Argopecten irradians PGRP AAR92030
Pseudomonas ﬂuorescens PGRP ABA74926 Trichoplusia ni PGRP AAC31820
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etraodon nigroviridis tnPGRP-L1 CR652173
tnPGRP-L2 CR724672
For the analysis of evolutionary relationships between
GRPs in fish and those in other animals, the phylogenetic
ree was constructed using the maximum likelihood method.
ig. 5 shows that zfPGRP2-A, zfPGRP2-B and zfPGRP-L were
ocated in the same cluster as PGRP-L from T. nigroviridis and
akifugu rubripes and another long PGRP from zebrafish. The
hort PGRPs of zebrafish were clustered with short PGRP from
rosophila.
The positive or purifying selection test showed that the dS
as significantly higher than the dN in the analyses of nucleotide
equences in all PGRPs-like in teleost fish (P < 0.05), all PGRPs
n fly (P < 0.005), suggesting that these nucleotide sequences
ere under purifying selection. However dN was significantly
igher than the dS in the analyses of nucleotide sequences in
ammalian PGRPs, indicating that these nucleotide sequences
ere under positive selection.
ig. 3. Alternative splicing variants of the T. nigroviridis and D. rerio PGRP-L.
pen boxes indicate the difference in the nucleotide sequence. The exons are
hown as black boxes, and the introns are shown as straight lines.
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.4. Structure and organization of ﬁsh PGRP genes
By comparing the full-length PGRPs cDNA in these three
pecies of fish to their corresponding genomic sequences,
he organization of fish PGRPs genes was elucidated. The
. rerio zfPGRP6 nucleotide length between the start and
top codon of the open reading frame was located within
397 genomic fragment on unknown chromosome, D. rerio
fPGRP2-A, zfPGRP2-B and zfPGRP-L within a 7133 bp
enomic fragment on chromosome 8 and D. rerio zfPGRP-SC
ocated within a 2771 bp genomic fragment on chromosome 18,
. nigroviridis PGRPL1 and PGRPL2 within 2064 and 1975 bp
enomic fragment on chromosome 18, Takifugu rubripes
GRPL gene within a 2339 bp genomic fragment on unknown
hromosome.
The zfPGRP6, zfPGRP2-A, zfPGRP2-B and zfPGRP-L con-
ist of five exons and four introns. The intervening four introns
f zfPGRP6 are 2718, 1666, 321 and 2201 bp, respectively, and
327, 991, 1604 and 1807 bp for zfPGRP2-A. The second intron
f zfPGRP2-B and zfPGRP-L is 1096, and the other three introns
re as the same as in zfPGRP2-A (Fig. 6).
Other five genes including zfPGRP-SC1a, zfPGRP-SC2,
nPGRP-L1, tnPGRP-L2 and frPGRP-L composed of four exons
nd three introns. The intervening three introns of zfPGRP-SC
re 195, 1652 and 210 bp, 230, 267 and 103 bp for tnPGRP-
1 and tnPGRP-L2, 250, 269 and 380 bp for frPGRP-L (Fig. 6).
ll exon–intron junctions follow the consensus rule of the splice
onor and acceptor sites for splicing in all PGRP genes found
n the three fish species.
The zfPGRP-SC1a and zfPGRP-SC2 have two introns in
he PGRP domain, and one of these introns is retained in all
ther long-form PGRP-like genes. Outside the PGRP domain,
3016 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 4. The alignment of the amino acid sequence of fish PGRP genes by using CLUSTAL W program. The GenBank accession numbers of these genes are listed in
Table 3. The identical residues are indicated with asterisks (*). The intron positions are indicated by arrowheads. The black and grey columns indicate amino acids
that are 100% and greater than 70% conserved in the PGRP domain. The arrows indicate the position of -sheet, and the grey solid boxes represent the position
of -helix. The different 3-sheets of zfPGRP2-B and zfPGRP-L are double-underlined. The additional 1-sheets at the N terminus of tnPGRP-L1, tnPGRP-L2,
frPGRP-L, zfPGRP2-B and zfPGRP-L are underlined.
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ll long-form PGRP-like genes of teleost fish have an intron in
he corresponding positions (Fig. 4).
.5. Three-dimensional structure of ﬁsh PGRPs
The zfPGRP-SC1a and zfPGRP-SC2 have the similar three-
imensional structures. The zfPGRP-SC structure contains a
entral -sheet composed of five -strands (3–7), four par-
llel and one antiparallel, and three -helices (1–3) (Fig. 7).
ompared to the three dimensional structures of zfPGRP-SC1a
nd zfPGRP-SC2, the models of zfPGRP2-A and zfPGRP6 still
ontain atoms. In addition to the basal unique fold of the PGRP
amily with a mixed -sheet of five strands and three -helices
hat form the protein core, the structure models of tnPGRP-L1,
nPGRP-L2, frPGRP-L, zfPGRP2-B and zfPGRP-L contain one
dditional -sheet (1) at the N terminus and a bound zinc ion.
The alignment of the amino acid sequence of fish PGRP
enes reveals the mixed / fold with the structure assign-
ent of 3-1-4-5-6-2-7-3 conserved in all the fish
GRPs (Fig. 4). Due to the lack of 105 nucleotides of the exon
in zfPGRP-L and zfPGRP2-A, the position of the 3-strand is
ifferent from other fish PGRPs.
e
a
o
bnued ).
.6. Expressions of zfPGRPs homologs in different adult
rgans
Organ distributions of PGRP gene transcripts were examined
n zebrafish by real-time PCR. Melting curve analysis showed
hat transcripts of zebrafish PGRP genes were detected in all
elected organs including brain, intestine, spleen, trunk kidney,
ill, muscle, liver and heart from healthy fish. Fig. 8 shows the
elative expression levels of zebrafish PGRP genes generated by
eal-time PCR. The zfPGRP-L was strongly expressed in liver.
he expression level of zfPGRP-6 was highest in intestine, fol-
owed by liver. The expression level of zfPGRP-SC was highest
n intestine, then in gill, liver and muscle.
.7. Expression of zfPGRPs homologs during ontogeny
To characterize the pattern of zfPGRP6, zfPGRP-L and
fPGRP-SC, zebrafish expression in development unfertilized
ggs, fertilized eggs and larvae of zebrafish were collected
t a range of time points. The expression of zfPGRP6 was
bserved at a low level in stages of early development,
ut significant increase in expression was observed on
3018 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 5. Phylogenetic tree showing the relationship between the zfPGRP-L and PGRP genes from other vertebrates and arthropods. Full-length amino acid sequences
were aligned using the CLUSTAL program within DNASTAR and a phylogenetic tree was constructed using the maximum likelihood algorithm. The GenBank
accession numbers of these genes are listed in Table 3.
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0 dpf, and such high level remained throughout to 60 dpf
Fig. 9).
Unlike the low expression of the zfPGRP6 gene in the early
tages of development, the zfPGRP-SC genes were most highly
xpressed in unfertilized eggs and 0.25 dpf samples. There was
slight decrease in expression on 0.5 dpf, followed by a signifi-
ant reduction in the expression on 1 and 2 dpf. The zfPGRP-SC
xpression was found to have a significant increase in the expres-
ion on 5 dpf, followed by a reduction in the expression on
0 dpf, and its expression remained low to the end of larval
evelopment (Fig. 9).The expression of zfPGRP-L was especially high in unfer-
ilized eggs, then in 0.25 dpf samples. It showed a significant
eduction in expression on 0.5 dpf sample, with its low expres-
ion observed from 1 to 60 dpf (Fig. 9).
s
d
w
ig. 7. Ribbon representation of protein models of teleost fish PGRP homologs. Secon
nd frPGRP-L (A), zfPGRP2-A and zfPGRP6 (B) and zfPGRP-SC1a and zfPGRP-Sare boxes, and the introns as straight lines. The sizes of exons are shown above
.8. Expression of zfPGRPs homologs following
timulation by F. columnare
The mRNA expression patterns of zfPGRP6, zfPGRP-L
nd zfPGRP-SC were examined in adult zebrafish following
xposure to F. columnare by quantitative real-time PCR. The
fPGRP-SC was upregulated in all selected organs in response
o F. columnare infection. The F. columnare-induced expression
f zfPGRP-SC reached a maximum of 953-fold in liver, fol-
owed by 286-fold in intestine, 119-fold in spleen, 34-fold in
idney and 9-fold in gill.The expression of zfPGRP6 was significantly increased in
pleen, slightly increased in gill and intestine, and slightly
ecreased in liver and kidney. The expression of zfPGRP-L
as significantly up-regulated in spleen and liver, significantly
dary structure elements of the zfPGRP2-B, zfPGRP-L, tnPGRP-L1, tnPGRP-L2
C2 (C) are indicated as strands (-strands) and helices (-helix).
3020 M.X. Chang et al. / Molecular Immunology 44 (2007) 3005–3023
Fig. 8. Quantitative expression profile of zfPGRP-L (A), zfPGRP6 (B) and
zfPGRP-SC (C) in organs generated by real-time PCR. The total RNA was
extracted, respectively, from zebrafish brain, heart, kidney, liver, spleen, gill,
intestine and muscle. Each sample was run in triplicate, together with known
dilutions of respective plasmid cDNA ranging from 109 to 104 copies and
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Fig. 9. Gene expression of zfPGRP-L (A), zfPGRP6 (B) and zfPGRP-SC (C)
during development. 1–13 represents unfertilized eggs and 0.25, 0.5, 1, 2, 3, 5,
1
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fppropriate non-template controls. Gene expression was measured by means
f real-time quantitative PCR and is shown relative to the gene expression of
APDH.
own-regulated in kidney and intestine. No significant differ-
nce was observed in gill (Fig. 10).
. Discussion
Peptidoglycan recognition proteins, first identified and char-
cterized from insects, are a family of proteins that are important
n innate immunity (Dziarski, 2004). In addition to insects,
everal short and long PGRP isoforms have been described in
ammals, including humans, rodents, and cattle (Tydell et al.,
006). In the present study, PGRP-like homologs were identified
n fish, and zebrafish PGRP expression patterns were analyzed
uring the fish development and in different organs of the adult.
In arthropod and mammals, a large variety of alternative tran-
cripts of PGRP genes have been reported. In the fruit fly D.
a
c
o0, 20, 30, 40, 50 and 60 dpf, respectively. Gene expression was measured by
eans of real-time quantitative PCR and is shown relative to the gene expression
f GAPDH.
elanogaster, PGRP-LAa has a long N-terminal region with
ow sequence similarity to the corresponding region in PGRP-
C. This region is absent in PGRP-LAb. PGRP-LAc has an
lternative splice acceptor site for the second intron, which intro-
uces a stop codon upstream of the PGRP domain. The predicted
roduct of PGRP-LAc is similar to PGRP-LAb but without a
GRP domain (Werner et al., 2000). The alternative transcripts
lso exist in fish PGRP homologs. In T. nigroviridis, four dif-
erent splicing patterns were observed. The widely occurring
lternative splicing patterns in insects and vertebrates may be
haracteristic for PGRPs in this family (Kibardin et al., 2003).
The presence of highly conserved T phage lysozyme homol-
gy domain (also known as PGRP domain) and its ability to
M.X. Chang et al. / Molecular Immu
Fig. 10. Gene expression of zfPGRP-L (A), zfPGRP6 (B) and zfPGRP-SC (C)
in liver, kidney, spleen, gill and intestine of F. columnare-infected zebrafish.
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Ielative expression was determined by normalizing the expression of each tar-
et to GAPDH, and then comparing this normalized value to the normalized
xpression in a PBS-infected sample to calculate a fold-change value.
ind peptidoglycan are another common feature of this family
f proteins. The crystal structures of four PGRPs have been
eported: Drosophila PGRP-LB and PGRP-SA (Kim et al.,
003; Reiser et al., 2004), the C-terminal PGN-binding domain
f human PGRP-Ia (designated PGRP-I) and human PGRP-S
Guan et al., 2005, 2006). Comparisons among the structures of
rosophila, human and fish PGRPs indicate that the mixed -
heet of five strands and three-helices that form the protein core
re conserved in evolution. Furthermore, the Cys, Tyr and Thr
esidues, which are, respectively, located in 3-1, 1-4 and
7-3 loops and are identified as essential for PGN recognition
Reiser et al., 2004), are also conserved in all PGRPs including
hose in teleost fish. It is likely that the overall conformation of
he putative PGN-binding site is maintained across the PGRP
amily. However, the alternative splicing pattern may lead to the
bsence of PGRP domain such as in fruit fly PGRP-LAc. Among
he four isoforms of the T. nigroviridis PGRP gene, the splicing
atterns with the lack of partial (tnPGRP-L3) and entire exon
z
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(tnPGRP-L4), which introduce a stop codon upstream of the
GRP domain, have no PGRP domain. Since the PGRP domain
f fish PGRP-like genes is encoded by exons 3 and 4, the splic-
ng pattern with the missing of part of exon 2 (tnPGRP-L2) still
ontains the entire PGRP domain. However, the splicing pattern
f tnPGRP-L2 does not follow the consensus rule of the splice
onor and acceptor site. It appears likely that such a diversity of
soforms of a single PRR may lead to a broad spectrum of its
unctional activities.
In the fruit fly and teleost fish, alternative splicing patterns of
GRP genes are more complex than the mammalian homologs,
nd the alternative splicing pattern may also lead to some dele-
erious mutations. Jiggins and Hurst (2003) found PGRPs in
rosophila are under purifying selection to eliminate or reduce
he frequency of deleterious mutations (Tiffin and Moeller,
006). In the present study, analyses of PGRP genes from teleost
sh have also revealed that they are under purifying selection.
owever, the mammalian PGRPs are under positive selection,
here advantageous mutations have played an important role in
volutionary adaptation.
The short PGRPs in the fruit fly include PGRP-SA, SB1,
B2, SC1A, SC1B, SC2, and SD. The PGRP-SA gene has two
ntrons in the PGRP domain, and the B. mori and vertebrate
GRP genes also have introns in the corresponding positions
Werner et al., 2000). In teleost fish, all the long form and short
orm PGRP-like genes have introns in the corresponding posi-
ions, indicating that the positions of introns in the PGRP domain
re conserved from insects to humans, owing to the conserved
GRP domain. Liu et al. (2001) reported that human PGRP-
, located on chromosome 19, has five exons coding for a 576
a protein. In accordance with human PGRP-L, the zebrafish
fPGRP2-A, zfPGRP2-B, zfPGRP2-L and zfPGRP6 have five
xons. The genomic structure of T. nigroviridis and Takifugu
ubripes PGRP-L, which contains four exons, differs from those
n zebrafish and human being. However, the genomic structure
f T. nigroviridis and Takifugu rubripes PGRP-L is similar to
ong PGRP genes in Drosophila. The exon structures of short
nd long PGRPs suggest that one or more introns of short PGRPs
ay be lost in evolution, as suggested by Werner et al. (2000),
nd may be obtained in evolution for the long PGRPs. It is
uggested that long PGRPs may have separate evolutionary his-
ories. In addition, the size of genome and introns varies among
. rerio, T. nigroviridis and Takifugu rubripes PGRP-L. Com-
ared to zebrafish long PGRP genes, the introns ofT. nigroviridis
nd Takifugu rubripes PGRP-L are smaller, which may be, as
xpected, an aspect of their condensed genomes.
Human PGRP-S and PGRP-L are selectively expressed in
ifferent organs (Liu et al., 2001). Although the expression
f zfPGRP6, zfPGRP-L and zfPGRP-SC were detected in all
rgans examined, their expression levels varied significantly.
s zfPGRP-SC1a and zfPGRP-SC2 differ in several bases, the
xpression level of zfPGRP-SC shows the sum of two transcripts.
n agreement with the results reported by Werner et al. (2000),
fPGRP-SC genes, which are similar to fly PGRP-SC genes, are
onstitutively expressed at high levels in the gut, in addition to
heir induced expression in the liver. In zebrafish, two different
ong PGRP genes have now been identified. However, only the
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xpression pattern of zfPGRP-L is similar to human PGRP-L
hich was strongly expressed in liver (Liu et al., 2001). The
fPGRP6 was highly expressed in intestine, when compared to
ts expression in other organs. Werner et al. (2000) also detected
he expression of PGRP genes in response to different bacteria,
nd found that only PGRP-LB of the long genes is inducible. In
he present study, the reason that zfPGRP-L and zfPGRP6 were
own-regulated in several organs is at present unknown.
Similar to most fruit fly PGRP genes, zfPGRP-L, zfP-
RP6 and zfPGRP-SC are expressed in all postembryonic
tages. The present study also showed that all these three
enes are maternally derived, especially for zfPGRP-L that is
xpressed at a high level in unfertilized eggs. Maternal mRNA
f innate immune factors including complement factor 3 (C3),
2-macroglobulin (2M), serum amyloid A (SAA), complement
actor 1 r/s—mannose binding lectin associated serine protease-
ike molecule (C1/MASP2) and Ig protein, were present in
nfertilized eggs and considered to play an important role in
efending the egg (Huttenhuis et al., 2006). The high level
xpression of zfPGRP-L and zfPGRP-SC in fish egg and embryo
evelopment stages indicated that both of them might play impli-
ated role in addition to innate immunity, which was supported
y the unreported results that gene silencing of zebrafish PGRPs
nvolves in the Wnt, BMP, toll-like receptor and other signal
athways (unreported observation). zfPGRP-L and zfPGRP-SC
re active during the embryo development stages, whereas the
fPGRP6 becomes active later in the larvae development. Inter-
stingly, the expression of zfPGRP-L, zfPGRP6 and zfPGRP-SC
ecreased gradually from unfertilized eggs to 2 dpf, and then
egan to increase. Since the altered expression of zebrafish
GRPs lead to the on and off of some genes which participate in
he signal pathways, the significantly lowest expression of fish
GRP genes in 2 dpf, which is near the time of hatching, may
mply a switch of PGRP-like genes in function from the embryo
o larvae.
In conclusion, nine short and long PGRP genes, i.e., zfP-
RP6, zfPGRP2-A, zfPGRP2-B, zfPGRP-L, zfPGRP-SC1a
nd zfPGRP-SC2 from zebrafish D. rerio, tnPGRP-L1 and
nPGRP-L2 from T. nigroviridis and frPGRPL from Takifugu
ubripes were for the first time identified in the lower vertebrates
y bioinformatic analysis of the EST and genome databases.
t is implied that PGRPs may serve as a strong link between
nvertebrate and vertebrate immunity. Insects PGRPs function
s bacterial recognition molecules that trigger proteolytic or
ignal transduction pathways (Michel et al., 2001; Bischoff et
l., 2004; Garver et al., 2006). By contrast to insect PGRPs,
he mammalian PGRPs function as both recognition and effec-
or molecules (Dziarski and Gupta, 2006). It is possible that
sh PGRPs have other special functions as lower vertebrates.
herefore, it would be of significance to illustrate the signaling
athway of fish PGRP genes and their exact function in innate
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